Microwave Kinetic Inductance Detectors, or MKIDs, are a type of low temperature detector that exhibit intrinsic frequency domain multiplexing at microwave frequencies. We present the first theory and measurements on a MKID based on a microstrip transmission line resonator. A complete characterization of the dielectric loss and noise properties of these resonators is performed, and agrees well with the derived theory. A competitive noise equivalent power of 5×10 −17 W Hz −1/2 at 1 Hz has been demonstrated. The resonators exhibit the highest quality factors known in a microstrip resonator with a deposited thin film dielectric.
Thin film superconducting microwave resonators have been an area of intense research in the past decade for Microwave Kinetic Inductance Detectors (MKIDs) [1] for submillimeter [2] , optical/UV [3] , and X-ray [4] astrophysics, components in superconducting qubits [5, 6] , and fundamental studies in condensed matter physics such as searches for macroscopic quantum states [7] and measurements of the properties of cryogenic liquids [8] . These resonators have primarily been coplanar waveguide (CPW) transmission line resonators [9] . A CPW transmission line is a planar structure with a center strip and slots that separate the center strip from ground planes on either side, as shown in the top panel of Figure 1 . They are simple to fabricate out of a single superconducting film on a crystalline dielectric. However, in many cases the flexibility of a microstrip resonator, which is a stacked structure with a deposited dielectric separating two conductors, would be advantageous. A microstrip MKID can be deposited on any material, instead of just single crystal silicon or sapphire, and can be made significantly smaller than a CPW MKID. This allows more flexibility in detector design. The low loss deposited dielectrics required for a sensitive microstrip MKID have many other uses, such as in the lumped element capacitors and wiring crossovers in superconducting qubits [10] or the microstrip combiner networks of planar antenna arrays [11] . This work details the first microstrip MKID using a deposited thin film dielectric.
Microstrip resonators can be made very sensitive by making the dielectric comparable to or thinner than the penetration depth of the superconductor since this causes the device to be dominated by the kinetic inductance of the superconductor, not the magnetic inductance of the transmission line. This leads to a very sensitive detector since MKIDs respond to changes in the kinetic inductance, such as those caused by broken Cooper Pairs from photon absorption. It also makes a compact resonator since the phase velocity on the transmission line can be as low as several percent of the speed of light. Following Swihart [12] and Pond et al. [13] , the phase velocity of a superconducting microstrip whose width w is much greater than the dielectric thickness d and at T T c can be written using the two fluid approximation as
where c is the speed of light in vacuum, r is the relative dielectric constant of the microstrip dielectric, and λ and t are the penetration depth and the thickness of the top (1) and
, is defined as the ratio of the kinetic inductance L k to the total inductance, 
The microstrip MKID is read out by sending a microwave probe signal past the resonator, and a homodyne mixing scheme is used to recover the phase and dissipation changes imprinted onto the carrier by the MKID [1] . Using Equation 3 and Equation 4 [14] , we can express the expected responsivity, normalized so the microwave transmission past the resonator S 21 far off resonance is unity, of a microstrip MKID in both dissipation and phase as:
where N qp is the number of quasiparticles in the resonator, Q m is the measured quality factor, Q c is the coupling quality factor, V is twice the volume of the top microstrip wiring layer since this is where the current flows and where quasiparticles effectively contribute to the surface impedance, N 0 is the single spin density of states, ∆ 0 is the effective gap at
, and γ is constant that varies from -1/3 in the extreme anamalous This expression for the responsivity of a microstrip MKID can be combined with the known amplifier noise, providing a closed form expression that can predict the sensitivity of the MKID at a given readout power level.
Previous work with lumped element resonators [15] has shown that hydrogen rich amorphous silicon (a-Si:H) is a promising material, with a low power loss tangent tan(δ)∼2×10 −5 .
A low loss tangent, and hence a higher internal quality factor since tan(δ) = 1/Q i , is vital for microstrip MKIDs. A higher Q i will directly lead to resonators with higher sensitivity when using a readout scheme based on dissipation. A readout based on dissipation, and not phase, will likely be required since the two-level system (TLS) contribution to the noise equivalent power (NEP) in the phase direction from the deposited dielectric is expected to be much higher than the NEP in the dissipation direction [16, 17] .
In this work microstrip resonators with aluminum wiring and an a-Si:H dielectric have been fabricated. The geometry is illustrated in Figure 1 Finally, the a-Si:H insulating layer is patterned with the ICP to allow easy wire bonding, and the silicon wafer is diced into 7.5×2 mm chips.
The chips are glued into a gold-plated copper sample box with GE varnish and wire bonded to transition boards which convert from the coaxial input lines to a CPW transmission line. The box is placed inside an adiabatic demagnetization refrigerator (ADR) capable of reaching base temperatures below 100 mK. A coaxial feedline drives the device through a 30 dB attenuator at 4 Kelvin, and a high electron mobility (HEMT) amplifier with a noise temperature T n ≈ 5.5 K is used to boost the output signal. A cryoperm magnetic shield is used to shield the device, and a Helmholtz Coil internal to the magnetic shield is used to apply a magnetic field normal to the surface of the chip.
Microstrip resonators, like larger CPW resonators [18] , appear to be quite sensitive to the magnetic field normal to the metal surface during cooling through the superconducting transition temperature T c . Figure 2 shows the applied magnetic field during cooling and the resulting quality factors of the lowest Q m resonator on the device. Despite the magnetic shield the best quality factor is achieved with an applied magnetic field of around 30 mG. Previous work has shown that the dielectric loss tangent is strongly dependent on the electric field in the dielectric [6, [15] [16] [17] . Figure 3 shows the loss tangent as a function of electric field in one of the a-Si:H microstrip resonators. The electric field at the open ends of the resonator can be calculated from [14] :
where m = 1/2 for a half wave resonator, P is the microwave power on the feedline, Q m is the measured quality factor, Q c is the coupling quality factor, and Z 0 is the characteristic impedance of the microstrip transmission line Z 0 = L/C = 1/v p C. Since d w we use a Using the measured noise spectra with this responsivity and a conservative quasiparticle lifetime τ qp in aluminum of 250 µs allows us to calculate the NEP θ [9] , 
Combining Equations 4, 6, and 7 yields the predicted NEP based only on the device properties, shown as the red line in Figure 4 . This is a powerful tool for optimizing microstrip MKIDs for specific detector applications. Figure 4 shows the calculated NEP for the resonator measured in Figure 3 . As expected, NEP θ is higher than NEP D due to the contribution of TLSs to the phase noise. The measured NEP D , with a minimum below 5×10 −17 W Hz −1/2 between 1 Hz and 1 kHz, is a very good NEP competitive with many other low temperature detectors. There is an small unexplained rise in the NEP D at very low frequencies, which may be due to incomplete decomposition of the noise into phase and dissipation.
The ease and flexibility of fabrication combined with the good sensitivity makes microstrip MKIDs an extremely interesting device for future large detector arrays. Significantly higher performance in much smaller resonators can be achieved by using thinner films and superconductors like titanium that have long penetration depths. line shows the NEP derived from phase shifts only, the dotted line is derived from amplitude data, and the dashed line is the optimal NEP using both amplitude and phase data [14] . The red line is the predicted NEP from Equations 4, 6, and 7 assuming there is 2 dB of loss between the device and a HEMT amplifier with T n = 5.5 K.
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